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1976.-The cytochrome c concentrations of the different types of skeletal muscle of trained and nontrained normal and thyroidectomized rats were measured. Animals were trained by treadmill running 1 mph, at a 15% incline, 1 h/day, 5 days/wk for at least 12 wk. This training program induced an expected 50% increase in cytochrome c in the high-oxidative fast-twitch red (FTR) and slow-twitch red (STR) fibers and only a 25% increase in the low-oxidative fast-twitch white (FTW) fibers of the normal rats. This same training program caused a greater increase (100%) in the FTR and STR fibers of the thyroidectomized runners and a dramatic 243% increase in the FTW fiber. Even though the thyroidectomy procedure caused a reduction in oxidative capacity of all types of skeletal muscle fibers to about one-half normal, the absolute increase in cytochrome c in the muscles of the trained thyroidectomized animals was essentially the same or greater than that of the normal trained animals. These results indicate that the adaptive response to training of an increased oxidative capacity in skeletal muscle occurs in the absence of normal thyroid function. They also suggest that the exercise bouts of the thyroidectomized animals were performed with a relatively greater involvement of the FTW muscle fibers. cytochrome c; fast-twitch red muscle; fast-twitch white muscle; slow-twitch red muscle ALTHOUGH THE THYROID HORMONES have a ubiquitous influence on cellular physiology, many of the typical exercise training responses found in normal animals have been found in thyroidectomized animals. These responses have included: resting bradycardia (25), increased ligamentous strength (25), adrenal enlargement (19), and cardiac hypertrophy (19). This apparent independence on normal thyroid function, however, has not been found in all functions studied. The typical training responses of a lesser cardiac acceleration with atropine (25) and a reduced liver cholesterol content (5) were not found in thyroidectomized rats. These results suggest that normal thyroid function may be important in the development of some training adaptations. Another adaptation that may be dependent on the thyroid hormones involves the well-characterized (15) increase in mitochondrial capacity in the working muscles found with exercise training.
Kraus and Kinne (16) did not find any increased activity of mitochondrial enzymes in propylthiouracil-treated rats that were trained by swimming.
They concluded that this adaptation was regulated by the thyroid hormones (16). Since thyroid hormone administration increases (21, 27) whereas loss of normal thyroid function decreases (10, 11, 22) the oxidative capacity of skeletal muscle, their conclusion (16) seems appropriate.
However, more recently Gollnick and Ianuzzo (10) trained thyroidectomized animals and found an increased activity of succinate dehydrogenase in the hindlimb muscles. In an attempt to clarify this apparent discrepancy, we measured the concentration of cytochrome c, a mitochondrial component, in the working muscles of trained thyroidectomized animals. In addition, we determined the levels of cytochrome c in the three different skeletal muscle fiber types.
METHODS

Animal
Care and Training Program
Male Sprague-Dawley thyroidectomized rats were obtained from Hormone Assay, Chicago. They were approximately 300 g at the time of surgery and were subsequently maintained on Purina rat chow and tap water. All rats were housed individually in a temperature-controlled room at 20°C with a 12 h light/l2 h dark cycle. Twenty-four days postthyroidectomy one-half of the animals began a training program on a Quinton model 42-15 rodent treadmill.
The decline in skeletal muscle oxidative capacity after thyroidectomy to approximately one-half normal (10, 11) was essentially 75-80% complete by the time training began (22). Thus, sufficient time had transpired after thyroidectomy to significantly reduce the oxidative capacity of the working hindlimb muscles before training began.
The training program involved running 5 days/wk at 1 mph beginning at 10 min/day up a 10% incline and increasing 3 min/day so that the animals were running 1 h/day in the 4th wk. During the next week the incline was progressively increased to 15% in l%/day increments. The animals maintained this work schedule until the time of sacrifice. The total training period was 12-18 wk.
In addition to the thyroidectomized animals, a group of normal rats (Sprague-Dawley, Hormone Assay) was trained by the same protocol. This trained group averaged 225 g at the beginning of training and provided a reference for the normal response expected with treadmill running. Normal sedentary pair-weighted animals were also maintained.
Since exercise training reduces growth rate of normal male rats (18), the food intake of the untrained normal rats was adjusted to establish the same rate of growth of the normal trained rats. This procedure does not significantly alter the oxidative capacity of skeletal muscle (14, 23). Restricting the food intake of the sedentary thyroidectomized animals was unnecessary, since thyroidectomized rats have a retarded growth rate (10) so that skeletal muscle mass is not different after exercise training (25).
Verification of Surgical Procedures
Previous use of thyroidectomized animals from this supplier indicated a high degree of quality control in the thyroidectomy procedure (25). This evaluation was based on a marked reduction in growth, a reduced resting oxygen uptake, a negligible thyroidal area uptake of [Yliodine, a low 24-h plasma conversion ratio, and macroscopic inspection of the thyroid area. In the present study, the thyroidectomized animals failed to grow significantly throughout the 3-to 4-mo period. Inspection of the thyroidal area gave no evidence of residual thyroid tissue. In addition, the 24-h plasma conversion ratio was only 5.8 t 1.1% (X of: SE) for the thyroidectomized animals (n = 5) compared with 46.1 t 5.4% for the normal animals (n = 5). This low value for the thyroidectomized animals is similar to our previous results (25) and reflects the inability of these animals to organify the labeled iodine (12). Thus, we feel that the surgical procedures were effective in establishing a hypothyroid condition.
Tissue Preparation
Sedentary and trained animals (24-h postexercise) were sacrificed in pairs, with thyroidectomized animals taken on the same day as normal animals. The rats were sacrificed by decapitation after completion of at least 12 wk of training.
The hindlimb muscles were rapidly exposed, dissected free, cleaned of fat, weighed, and frozen ( -62°C). Muscle sections that were predominantly fast-twitch red (FTR) and fast-twitch white (FTW) were obtained from the vastus muscles of the quadriceps as described previously (3, 23). The soleus muscle was taken for the slow-twitch red (STR) section (3). Pooled tissue sections from both hindlimbs were later thawed and assayed for cytochrome c as described below. The entire gastrocnemius-plantaris muscle group of the right leg was used for cytochrome c determination to represent a typical limb skeletal muscle comprised of a mixed fiber population (1).
Cytochrome c Assay
Cytochrome c was assayed by a modification of the procedure previously used (24) as described recently (23). Briefly, this involved two extractions of the muscle (each 1 g/20-ml vol): first with 175 mM KC1, 10 mM Tris, 2 mM EDTA, pH 7.4, then with 20 mM KP(&, pH 7.4. The 30,000-g supernatants were combined and applied to an Amberlite CG-50 ion-exchange column. Cytochrome c recovery off the column was 90% whereas the entire extraction and isolation procedure yielded a recovery of 80% (23). Cytochrome c obtained by this procedure produces an oxidized-minus-reduced absorbance spectrum identical to that for purified cytochrome c (17).
Statistical Procedures
The data were analyzed by a 2 x 2 analysis of variance as described by Steel and Torrie (20).
RESULTS
Muscle Weights
The gastrocnemius-plantaris muscle group was heavier (P < 0.05) in the normal trained compared with the normal sedentary animals ( Table 1 ). This 11.5% muscle enlargement may have been a chance occurrence since muscle hypertrophy is not generally found in rats subjected to endurance training programs (14, 23). Other muscles from the same hindlimbs of these trained animals were slightly larger but not significantly different from the sedentary controls (Table 1) . Thyroidectomy resulted in smaller than normal hindlimb muscles (Table l), but did not change muscle mass relative to body size. The trained thyroidectomized rats had hindlimb muscles that tended to be larger but not significantly different from the thyroidectomized sedentary controls (Table 1) .
Muscle
Cytochrome c Concentration Normal animals.
The cytochrome c values in the mixed muscle (gastrocnemius-plantaris)
and in the different fiber types of the normal animals (Table 2 ) are similar to those previously reported (3,23,26). The large dberences in cytochrome c content among the different fiber types underscore the distinction in oxidative capacity found among these fiber types (3, 23, 26). The adaptive increase in cytochrome c induced by the l-h/ day exercise program was approximately 50% for all muscles sampled except the white vastus. The FTW fibers increased only 25%.
Thyroidectomized
animals.
The loss of normal thyroid function caused a decline in cytochrome c concen- tration in all three muscle fiber types to approximately one-half normal (Table 2) . Exercise training in these animals caused a pronounced increase in cytochrome c content in all muscles (P < 0.05). The absolute increase in this mitochondrial crista component nearly matched or exceeded the increase in the respective fiber types found with training in normal animals. As a result, the levels of cytochrome c in the thyroidectomized trained animals were close to or above the levels of cytochrome c measured in the different fiber types of the normal sedentary controls.
DISCUSSION
The increase in cytochrome c concentration found in the skeletal muscles of the thyroidectomized trained animals (Table 2) does not support the findings of Kraus and Kinne (16). This discrepancy may be related to their exercise program. Kraus and Kinne (16) used a swimming protocol that produced only an approximate 20-25% increase in succinate dehydrogenase activity in normal animals. Yet, their trained hypothyroid animals swam for only about one-half the daily duration as their normal animals. This amount of normal swimming would not be expected to significantly increase the oxidative capacity of the hindlimb muscles of rats (14). However, this short work time of lo-20 min twice daily was reported to carry these animals to their limits of performance so that they had to be removed from the water (16). This could have provided a significant adaptation stimulus if the ability to stay afloat were limited by extensive exertion of the hindlimb muscles. This may not have been the case, however, since hypothyroid animals are extremely intolerant to hypothermia (13) and immersion of these animals in 25°C water (16) may have provided a debilitating environment. Thus, the results of Kraus and Kinne (16) may have been due to an inadequate training. stimulus.
Our data, however, support the results of Gollnick and Ianuzzo (10) and suggest that this adaptation is not dependent on normal thyroid function. These data extend their results (10) to show that training can effectively negate the effect of thyroidectomy on cytochrome c levels in skeletal muscle.
One of the most striking features of this study was the extent of the adaptive response in the different skeletal muscle fiber types in the thyroidectomized animals. Although the oxidative capacity of all fiber types in the thyroidectomized animals had fallen to approximately one-half normal, the increase in cytochrome c in these animals after training was proportionally much greater than the increase found in the normal trained animals. The high-oxidative fibers (i.e., both FTR and STR) of the normal animals demonstrated the expected 50% increase for this duration exercise program (7), whereas the low-oxidative fiber (FTW) increased only 25% (Fig.  1) . However, the same exercise program caused a doubling of the cytochrome c in the high-oxidative fibers and a dramatic 243% increase in the low-oxidative fiber ( Fig. 1) in the thyroidectomized animals. The 145% increase in the mixed muscle probably reflects the combined effects of these changes in its component fibers. These results suggest that the cellular processes that control the cytochrome c level in the skeletal muscle of the thyroidectomized animals responded to the training program in a manner quantitatively different from the response in the normal animals. Two factors can be suggested to account for this exaggerated response in the thyroidectomized animal: 1) the exercise bout may have required a relatively greater performance from the muscles even though the exercise programs were presumably the same and/or 2) there may have been a greater responsiveness to the exercise stimulus in the muscles of the thyroidectomized animals. It may be that both factors were involved.
It is generally accepted that submaximal dynamic exercise is primarily accomplished by the high-oxidative red fibers of a muscle group and, with increased performance demands on the muscle, there is a recruit- http://ajplegacy.physiology.org/ ment of the powerful low-oxidative motor units (2, 4, 23). Since the exercise program used in the present study (see METHODS) was of moderate intensity for the normal animals, the training response should be primarily evident in the FTR and STR fibers (23). Similarly, the lesser change in cytochrome c of the FTW fibers ( Fig. 1) suggests that these fibers were used to a relatively lesser degree (23). If the pattern of muscle fiber involvement were similar in the thyroidectomized animals, then a large increase in the cytochrome levels of the FTR and STR fibers would be expected. Although this was the case (Fig. l) , the relative adaptive response of these two fiber types was much greater than in the normal animals. This suggests that there may have been a greater responsiveness to the exercise stimulus. Yet, the high-oxidative red fibers may not have been able to provide the muscle performance required during the exercise bouts, since the FTW fibers exhibited a dramatic 243% increase in its cytochrome c level. This large adaptation may reflect the FTW fiber's relatively greater use in the thyroidectomized trained animals as compared to the normal trained animals.
This suggestion of an enhanced recruitment of muscle mass to accomplish the exercise bouts seems reasonable, since a hypothyroid condition causes pronounced differ-
